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Hadron Many-Body Systems 
with Strangeness

Hypernuclei : Hyperons(Λ, Σ, Ξ) in Nuclei
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New types of Hypernuclei



Modern Picture of Baryon-
Baryon Interactions

Nuclear Force from Lattice QCD

Long-range attraction
+

Repulsive Hard-core
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Central and tensor ΛN potentials from lattice QCD Hidekatsu Nemura
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Figure 1: The central and the tensor potentials in 3S1−3D1 channel in 2+ 1 flavor QCD as a function of r
at mπ " 414 MeV (red and blue) and 699 MeV (green and magenta).
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Figure 2: The central potential in 1S0 channel in 2+1 flavor QCD as a function of r at mπ " 414 MeV (red)
and 699 MeV (green).

4.2 Quenched QCD

Figures 3 and 4 show the ΛN potentials with (mπ ,mK) ≈ (512,606) and (407,565) MeV, in
quenched QCD at the time-slice t− t0 = 7. Fig. 3 shows the VC(J = 1) and VT , while the Fig. 4
shows the VC(J = 0). We find that the qualitative behaviors of the ΛN potential in quenched QCD
are more or less similar to those in full QCD in both J = 1 and 0 channels: Namely, the attractive
pocket of the central potential moves to longer distance region as the quark mass decreases, and
the quark mass dependence of the tensor potential seems to be small.

4.3 Scattering lengths

Figure 5 shows the scattering lengths as a function of m2π , which are calculated through the

5

ΛN

H. Nemura et al. / Physics Letters B 673 (2009) 136–141 139

Fig. 1. (Left) The radial wave function of pΞ0, in 1S0 (circle) and 3S1 (triangle) channels, obtained at t − t0 = 6. The Green’s functions G("r,k2) with "r = (r,0,0) in 1S0 (solid
line) and 3S1 (dotted line) are also shown. The inset shows its enlargement. (Right) The effective central potential for pΞ0, in the 1S0 (circle) and 3S1 (triangle), obtained
from the wave function at time slice t − t0 = 6. The inset shows its enlargement.

Fig. 2. The t dependence of the potential in the 1S0 channel (left panel) and the 3S1 channel (right panel) for several values of r. The horizontal lines denote the central
values at t − t0 = 6 which are adopted for the potential in Fig. 1 (right). The results indicated by [6− 10] are obtained by a constant fit to the data for t − t0 = 6− 10 with a
single-elimination of the jackknife method.

G("r,k2) = 1
L3

∑

"p∈Γ

1
p2 − k2

ei"p·"r,

Γ =
{

"p; "p = "n2π
L

, "n ∈ Z3
}
, (13)

which is the solution of ($+k2)G("r,k2) = −δL("r) with δL("r) being
the periodic delta function [12,24]. Results of the fit in the range
(12 ! x ! 16, 0 ! y ! 1, z = 0) are shown in the left panel of
Fig. 1. The fitting range is determined so that it is outside the
range of the interaction (see the right panel of Fig. 1). The non-
relativistic energy thus obtained in the 1S0 (3S1) channel becomes
E = −0.4(2) MeV (E = −0.8(2) MeV). We have checked that the
results of the fit in different ranges 11 ! x ! 16 and 13 ! x ! 16
introduce systematic errors only less than half of the statistical er-
rors for E . Note that E can be negative for the scattering state in a
finite box if the interaction is attractive.

The effective central potentials for pΞ0 system obtained from
Eq. (9) with the wave function φ and the energy E at t − t0 = 6
are shown in the right panel of Fig. 1 for the 1S0 and 3S1 channels
at mπ $ 368 MeV. In order to check whether the ground state sat-
uration of the pΞ0 system is achieved in the present results, we
plot the t-dependence of the potential at distances r = 0.14, 0.20,
0.71, 1.42 and 2.27 fm in Fig. 2. The fact that the potential is sta-
ble against t for t − t0 " 6 within errors indicates that the ground

state saturation is indeed achieved at t − t0 = 6. This is the rea-
son why we adopted the values at t − t0 = 6 in the right panel
of Fig. 1. Note that a constant fit to data for t − t0 = 6–10 with a
single elimination of the jackknife method does not introduce ap-
preciable change of the final values and the errors of the potential
as shown in Fig. 2.

In the right panel of Fig. 1, the potential in the NΞ system
shows a repulsive core at r # 0.5 fm surrounded by an attractive
well, similar to the NN system [16,17]. In contrast to the NN case,
however, one finds that the repulsive core of the pΞ0 potential in
the 1S0 channel is substantially stronger than that in the 3S1 chan-
nel. Such a large spin dependence is also suggested by the quark
cluster model [6]. The relatively weak attraction in the medium
to long distance region that (0.6 fm # r # 1.2 fm) is similar in
both 1S0 and 3S1 channels. As the energies determined above and
scattering lengths given later indicate, the present potentials are
weakly attractive on the whole in both spin channels in spite of
the repulsive core at short distance. Also, the attraction 3S1 chan-
nel seems a little stronger than that in the 1S0 channel.

4.3. Quark mass dependence

Fig. 3 compares the pΞ0 potential at mπ $ 368 MeV with
that at mπ $ 511 MeV in the 1S0 channel (left) and in the 3S1

By H. Nemura et al.

pΞ0



World Facilities in the 21st 
Century

J-PARC
JLab

DA NE

GSI/FAIR
Mainz

(e,e’K+)

(e,e’K+)

(K-,K+), (K-,π-)

(K-,π-)

HI, anti-p

For Strangeness Nuclear Physics
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S=-1 Baryon Systems



Success of (π+,K+) Spectroscopy
Λ single-particle energy
→UΛ=28 MeV

H.Hotchi et al., PRC 64, 044302(2001)

SKS

Figure 3: DDRH Λ single particle spectra compared to the world data.
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Success of Hypernuclear 
Gamma-Ray Spectroscopy

Hyperball : Tohoku/KEK/Kyoto in 1998

14 Ge(r.e.60%); 
Ω~15%, ε~3% at 1 MeV

BGO suppressor Upgraded to Hyperball2  
in Tohoku (2005~)  

Efficiency 2.4% -> ~4% 



Hypernuclear Gamma-rays

by H. Tamura

(π+,K+ γ)  at KEK-PS  (K-, π- γ)  at BNL-AGS 



ΛN Effective Interaction

Shell-model structure of light hypernuclei

John Millener

Brookhaven National Laboratory

Source # γ-rays # doublets

Ge Hyperball ∼ 22 9

NaI 13
ΛC 3 1

NaI 4
ΛH/4

ΛHe 2 2

Parameters in MeV

∆ SΛ SN T

A = 7− ? 0.430 −0.015 −0.390 0.030

A = 11 − 16 0.330 −0.015 −0.350 0.024

1

V eff
�N = V0(r) + V�(r) �s� �sN + V�(r)���N �s� + VN (r)���N �sN + VT (r)S12

∆ SΛ TSN

by D.J. MillenerVery small LS
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One bound state observed: 4ΣHe

T. Nagae et al., PRL 80 (1998) 1605.

Σ-Hypernuclei

T. Harada, Y. Hirabayashi / Nuclear Physics A 759 (2005) 143–169 165

Fig. 13. A comparison with the calculated spectra of the 28Si(π− ,K+) reaction at pπ = 1.20 GeV/c (6◦),
(a) near theΣ− threshold, and (b) including theΣ− QF region, together with the data at KEK-E438 experiments.
The dashed curves denote for the WS potentials with the strengths of V Σ

0 = −10, 0, +30, +60 and +90 MeV
in the real part and WΣ

0 = −40 MeV in the imaginary part. The solid and long-dashed curves denote the spectra
with the potentials for DD and WS-sh, respectively, as a guide. See also the caption in Fig. 11.

for WS-sh given by (V Σ
0 ,WΣ

0 ) = (−10 MeV, −9 MeV). As seen in Fig. 3, the volume
integrals per nucleon with (V Σ

0 ,WΣ
0 ) = (+20 MeV, −20 MeV) amount to (JR,JI ) #

(157 MeVfm3, −157 MeV fm3), which are fairly similar to those for DD.

Σ--Nucleus potential: Repulsive

28Si(π-,K+)

T. Harada and Y. Hirabayashi, NPA 759 (2005) 143.



Observation of 
Anti-Hypernucleus at RHIC

The STAR Collaboration, Science 328 (2010) 58.

primary collision vertex near the center of the
TPC. The 3

LH travels a few centimeters before
it decays. One of the possible decay channels is
3
LH → 3He + p+, which occurs with a branching
ratio of 25% (assuming that this branching
fraction is the same as that for 3

LH) (15). The
two daughter particles then traverse the TPC
along with the hundreds of other charged
particles produced in the primary Au + Au
collision. The trajectories of the daughter par-
ticles are reconstructed from the ionization trails
they leave in the TPC gas volume (shown in Fig.
2 as thick red and blue lines for 3He and p+,
respectively). The energy loss by these particles
to ionization in the TPC, 〈dE/dx〉, depends on the
particle velocity and charge. Particle identifica-
tion is achieved by correlating the 〈dE/dx〉 values
for charged particles in the TPC with their mea-
sured magnetic rigidity, which is proportional to
the inverse of the curvature of the trajectory in the
magnetic field. With both daughter candidates di-
rectly identified, one can trace back along the two
helical trajectories to the secondary decay point,
and thereby reconstruct the location of the decay
vertex as well as the parent momentum vector.

Particle identification. Figure 3 presents
results from the antihypertriton analysis outlined
above, along with results from applying the same
analysis to measure the normal matter hyper-
tritons in the same data set; only the sign of the
curvature of the decay products is reversed.
Figure 3C shows 〈dE/dx〉 for negative tracks as
a function of the magnetic rigidity; the different
bands result from the different particle species.
The measured 〈dE/dx〉 of the particles is com-
pared to the expected value from the Bichsel
function (19), which is an extension of the usual
Bethe-Bloch formula for energy loss. A new
variable, z, is defined as z = ln(〈dE/dx〉/〈dE/dx〉B),
where 〈dE/dx〉B is the expected value of 〈dE/dx〉
for the given particle species and momentum.
The measured z(3He) distributions for 3He and
3He tracks (Fig. 3D) include 5810 3He and 2168
3He candidates with |z(3He)| < 0.2. The first few
3He candidates were observed at the Serpukhov
accelerator laboratory (20), followed by confir-
mation from the European Organization for

Nuclear Research (CERN) (21). In 2001, a
sample of 14 3He antinuclei was reported by
the STAR collaboration (22). The 3He and 3He
samples in the present analysis are so cleanly
identified that misidentification from other weak
decays is negligible. However, because of the
〈dE/dx〉 overlap between 3H and 3He at low
momenta, we can identify the 3He nuclei only at
relatively high momenta (i.e., above ~2 GeV/c).
The daughter pions from 3

LH decays usually have
momenta of ~0.3 GeV/c and can be cleanly
identified (23).

Topological reconstruction. A set of topo-
logical cuts is invoked to identify and reconstruct

the secondary decay vertex positions with a high
signal-to-background ratio. These cuts involve
the distance at the decay vertex between the
tracks for the 3He and p+ (<1 cm), the distance
of closest approach (DCA) between the 3

LH
candidate and the event primary vertex (<1 cm),
the decay length of the 3

LH candidate vertex from
the event primary vertex (>2.4 cm), and the DCA
between the p track and the event primary vertex
(>0.8 cm). The cuts are optimized on the basis of
full detector response simulations (24). Several
different cut criteria are also applied to cross-
check the results and to estimate the systematic
errors. The signal is always present, and the

Fig. 2. A typical event in the
STAR detector that includes the
production and decay of a 3

L
H

candidate: (A) with the beam
axis normal to the page, (B) with
the beam axis horizontal. The
dashed black line is the trajec-
tory of the 3

L
H candidate, which

cannot be directly measured.
The heavy red and blue lines
are the trajectories of the 3He
and p+ decay daughters, respec-
tively, whicharedirectlymeasured.

50 cm

HΛ

3

He
3

A

+π
+πHe

3

B

C
ou

nt
s

 (K
eV

/c
m

)
〉

dE
/d

x
〈

A

C

2.95 3 3.05 3.1
0

50

100

150

200

250

300

350

signal candidates

rotated background

signal+background fit

2.95 3 3.05 3.1
0

20

40

60

80

100

120

140

signal candidates

rotated background

signal+background fit

) 2  Invariant mass (GeV/c+π + He3) 2  Invariant mass (GeV/c-πHe + 3

0 1 2 3 4
0

10

20

30

He3

π

〉dE/dx〈Expected

-0.4 -0.2 0 0.2 0.4
0

100

200

300

400 rigidity>1 GeV/c

He3

He3

He)3Rigidity (GeV/c)                                          z(

C
ou

nt
s

C
ou

nt
s

B

D

Fig. 3. (A and B) Invariant mass distribution of the daughter 3He + p. Open circles represent the
signal candidate distributions; solid black lines are background distributions. Blue dashed lines are
signal (Gaussian) plus background (double-exponential) combined fit (see text for details). (A) 3

LH
candidate distributions; (B) 3

L
H candidate distributions. (C) 〈dE/dx〉 versus rigidity (momentum/|

nuclear charge units|) for negative tracks. Also plotted are the expected values for 3He and p tracks.
The color indicates the number of tracks on a relative scale. (D) Measured z(3He) distributions for
3He and 3He tracks. (C) and (D) demonstrate that the 3He and 3He tracks (|z(3He)| < 0.2) are
identified essentially without background.
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primary collision vertex near the center of the
TPC. The 3

LH travels a few centimeters before
it decays. One of the possible decay channels is
3
LH → 3He + p+, which occurs with a branching
ratio of 25% (assuming that this branching
fraction is the same as that for 3

LH) (15). The
two daughter particles then traverse the TPC
along with the hundreds of other charged
particles produced in the primary Au + Au
collision. The trajectories of the daughter par-
ticles are reconstructed from the ionization trails
they leave in the TPC gas volume (shown in Fig.
2 as thick red and blue lines for 3He and p+,
respectively). The energy loss by these particles
to ionization in the TPC, 〈dE/dx〉, depends on the
particle velocity and charge. Particle identifica-
tion is achieved by correlating the 〈dE/dx〉 values
for charged particles in the TPC with their mea-
sured magnetic rigidity, which is proportional to
the inverse of the curvature of the trajectory in the
magnetic field. With both daughter candidates di-
rectly identified, one can trace back along the two
helical trajectories to the secondary decay point,
and thereby reconstruct the location of the decay
vertex as well as the parent momentum vector.

Particle identification. Figure 3 presents
results from the antihypertriton analysis outlined
above, along with results from applying the same
analysis to measure the normal matter hyper-
tritons in the same data set; only the sign of the
curvature of the decay products is reversed.
Figure 3C shows 〈dE/dx〉 for negative tracks as
a function of the magnetic rigidity; the different
bands result from the different particle species.
The measured 〈dE/dx〉 of the particles is com-
pared to the expected value from the Bichsel
function (19), which is an extension of the usual
Bethe-Bloch formula for energy loss. A new
variable, z, is defined as z = ln(〈dE/dx〉/〈dE/dx〉B),
where 〈dE/dx〉B is the expected value of 〈dE/dx〉
for the given particle species and momentum.
The measured z(3He) distributions for 3He and
3He tracks (Fig. 3D) include 5810 3He and 2168
3He candidates with |z(3He)| < 0.2. The first few
3He candidates were observed at the Serpukhov
accelerator laboratory (20), followed by confir-
mation from the European Organization for

Nuclear Research (CERN) (21). In 2001, a
sample of 14 3He antinuclei was reported by
the STAR collaboration (22). The 3He and 3He
samples in the present analysis are so cleanly
identified that misidentification from other weak
decays is negligible. However, because of the
〈dE/dx〉 overlap between 3H and 3He at low
momenta, we can identify the 3He nuclei only at
relatively high momenta (i.e., above ~2 GeV/c).
The daughter pions from 3

LH decays usually have
momenta of ~0.3 GeV/c and can be cleanly
identified (23).

Topological reconstruction. A set of topo-
logical cuts is invoked to identify and reconstruct

the secondary decay vertex positions with a high
signal-to-background ratio. These cuts involve
the distance at the decay vertex between the
tracks for the 3He and p+ (<1 cm), the distance
of closest approach (DCA) between the 3

LH
candidate and the event primary vertex (<1 cm),
the decay length of the 3

LH candidate vertex from
the event primary vertex (>2.4 cm), and the DCA
between the p track and the event primary vertex
(>0.8 cm). The cuts are optimized on the basis of
full detector response simulations (24). Several
different cut criteria are also applied to cross-
check the results and to estimate the systematic
errors. The signal is always present, and the

Fig. 2. A typical event in the
STAR detector that includes the
production and decay of a 3

L
H

candidate: (A) with the beam
axis normal to the page, (B) with
the beam axis horizontal. The
dashed black line is the trajec-
tory of the 3

L
H candidate, which

cannot be directly measured.
The heavy red and blue lines
are the trajectories of the 3He
and p+ decay daughters, respec-
tively, whicharedirectlymeasured.
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Fig. 3. (A and B) Invariant mass distribution of the daughter 3He + p. Open circles represent the
signal candidate distributions; solid black lines are background distributions. Blue dashed lines are
signal (Gaussian) plus background (double-exponential) combined fit (see text for details). (A) 3

LH
candidate distributions; (B) 3

L
H candidate distributions. (C) 〈dE/dx〉 versus rigidity (momentum/|

nuclear charge units|) for negative tracks. Also plotted are the expected values for 3He and p tracks.
The color indicates the number of tracks on a relative scale. (D) Measured z(3He) distributions for
3He and 3He tracks. (C) and (D) demonstrate that the 3He and 3He tracks (|z(3He)| < 0.2) are
identified essentially without background.
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3
�H/3

�H = 0.49± 0.18± 0.07

3
�H� �+ + 3He

Life time(3ΛH)=182+89/-45±27 ps



Gamma-ray Spectroscopy 
of Light Hypernuclei

Spin-flip B(M1) measurement for gΛ in nuclei
7Li(K-,π-γ)7ΛLi at 1.5 GeV/c: M1(3/2+→1/2+)

ΛN interaction in sd-shell hypernuclei
19ΛF: easiest in sd-shell

ΛN interaction in p-shell hypernuclei
10ΛB

etc.

Hyperball-J

Ge Detector           PWO

Pulse-tube 
ref.

J-PARC E13
H. Tamura et al.

Ge x32; ε~5.8% at 1 MeV
→  γ-γ coincidence



Neutron-rich Hypernuclei
with (π-,K+) reaction J-PARC E10

A. Sakaguchi et al.

ordinary nuclei
DCX: (K−,π+), (π−,K+) reaction

DCX

SCX: (e,e’K+), (K−,π0), (π−,K0) reaction

SCX

NCX: (K−,π−), (π+,K+) reaction

NCX

Λ-hypernuclei

“Hyperheavy hydrogen”: deeply bound

Akaishi:
Glue-like role of Λ 

(BΛ=4.4 MeV)
 +  

ΛNN coherent
coupling ( +1.4 MeV)

Λp
n

unbound

6
ΛH5H

n

n

n

p
n
n n

n



S=-2 Baryon Systems



Double-Λ Hypernuclei
“Nagara” event; ΛΛ6He

Uniquely identified

∆BΛΛ=1.01±0.02+0.18/-0.11 MeV

smaller than before (~4 MeV)

H. Takahashi et al., PRL87, (2001) 212502.

KEK E373

0.67±0.17 MeV
(updated by Nakazawa@Hyp-X)



S=-2 World



Spectroscopic Study of Ξ-Hypernucleus, 
12ΞBe, via the 12C(K-,K+) Reaction

Discovery of Ξ-hypernuclei

Measurement of Ξ-nucleus potential depth and width 
of 12ΞBe

J-PARC E05
T. Nagae et al.

S=-1                S=-2 (Multi-Strangeness System)



E05 Phase 2 with S-2S
Grant-In-Aid for Specially promoted research: 2011 – 
2015
60 msr, ∆p/p=0.05% → ∆M=1.5 MeV
Construction of S-2S(QQD): ~3 years

Installation in 2014
Data taking in 2015 with > 150 kW !!

2.9x1010 K-/day
∆M< 2 MeV



Ξ-Nucleus potential ?

U�>0, U�<0

U�<0, U�<0

U�>0, U�>0

Fr
ac

tio
n

K-

Ξ-

Ξ-

Σ- Λ

ΛΛ

Λ

u=ρ/ρ0

Chemical Potential:

€ 

µB = mB +
kF

2

2mB

+U(kF )



H search at J-PARC
(K-,K+) reaction

P42 
by J.K. Ahn & K. Imai et al.

The H-dibaryon Search at J-PARC

Experimental Setup

Hyperon Spectrometer + K+ Spectrometer

Jung Keun Ahn (Pusan) P42 : Search for H-Dibaryon January 13, 2012 15 / 28



ΛΛ invariant-mass spectra
H resonance ? ;  KEK E224 & E522

Theoretical and Experimental Review on H-dibaryon Search

H-Dibaryon as a ⇤⇤ Resonance?

Threshold enhancement in ⇤⇤ is indicative of either a virtual state or
a bound state or a resonance.

Jung Keun Ahn (Pusan) P42 : Search for H-Dibaryon January 13, 2012 10 / 28



S = -2, -3, -4

S = −2,−3,−4 deuteron-like L = 0 dibaryon candidates

ΣΣ ΛΞ ΣΞ ΣΞ ΞΞ

(I = 2, 1S0) (I = 1
2
, 1S0) (I = 3

2
, 1S0) (I = 3

2
, 3S1) (I = 1, 1S0)

fss2 − − − − −

NSC97 + − + + +

EFT (LO) − + + − +

fss2: Y. Fujiwara, Y. Suzuki, C. Nakamoto, Prog. Part. Nucl. Phys. 58 (2007) 439

NSC97: V.G.J. Stoks, T.A. Rijken, Phys. Rev. C 59 (1999) 3009

EFT (LO): J. Haidenbauer, U.-G. Meißner, Phys. Lett. B 684 (2010) 275

• Systematics of EFT (LO): The S = −3,−4 sectors require only the 5 LECs

determined in the Y N sector fit, independently of the 6th LEC required in the

S = −2 sector (this LEC is consistent with zero). Hence get PREDICTIONS.

• 1S0 in SU(3)f 27 (as nn), 3S1 in SU(3)f 10 (as deuteron).

• 1S0 in SU(3)f 27 (as nn), 3S1 in SU(3)f 10 (as deuteron).

• Model dependence is assessed by varying a cutoff momentum in the range

550 − 700 MeV/c.
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Kaonic Nuclei



Meson-Bayon Bound Systems
with Strangeness

S =0 NucleiS =-1 NucleiS =-2 Nuclei
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New FINUDA data 
on K-pp

First evidence of K-pp with 6Li+7Li+12C

Confirmed for 6Li only, with better statistics

Hyp-X ' Sep. 14 2009 ' Recent results on K- absorption by few nucleons and the Bound Kaonic Nuclear State Puzzle ' S.Piano ' INFN Trieste

FINUDA: 6Li(K-
stop

 
,�p)X

FINUDA Coll., PRL 94(2005)212303

New 
inv mass spectra 
compatible with 
published one

New data Old data

Same cuts applied

A=6Li,7Li,12C
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unphysical region

S. Piano@Hyp-X

FSI, ΣN→ΛN conversion cannot explain the new data

B=115+6/-5+3/-4 MeV
Γ= 67+14/-11+2/-3 MeV

M. Agnello et al., PRL94, (2005) 212303



DISTO data on K-pp
p+p→K-pp + K+ at 2.85 GeV

M=2267±3±5 MeV/c2

Γ= 118±8±10 MeV T. Yamazaki et al., PRL 104 (2010) 132502.'���(�3��������4��
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Mðp!Þ # 2255 MeV=c2 of the K$pp candidate reported
by FINUDA [16].

The X production rate is found to be as much as the
!ð1405Þð¼ !&Þ production rate, which is roughly 20% of
the total ! production rate. Such a large formation is
theoretically possible only when the p-p (or !&-p) rms
distance in X is shorter than 1.7 fm [3,4], whereas the
average N-N distance in ordinary nuclei is 2.2 fm. The
pp ! !& þ pþ Kþ ! Xþ Kþ reaction produces !&

and p of large momenta, which can match the internal
momenta of the off-shell !& and p particles in the bound
state of X ¼ !&-p, only if X exists as a dense object. Thus,
the dominance of the formation of the observed X at high

momentum transfer (#1:6 GeV=c) gives direct evidence
for its compactness of the produced K$pp cluster.
As shown in Fig. 4, the peak is located nearly at the "!

emission threshold, below which the N"! decay is not
allowed. The expected partial width of K$pp, #N"!, must
be much smaller than the predicted value of 60 MeV [2],
when we take into account the pionic emission threshold
realistically by a Kapur-Peierls procedure (see [20]). Thus,
#non-! ¼ #p! þ #N" ¼ #obs $ #N"! ( 100 MeV, which
is much larger than recently calculated nonpionic widths
for the normal nuclear density, #non-! # 20–30 MeV
[7,21]. The observed enhancement of #non-! roughly by a
factor of 3 seems to be understood with the compact nature
of K$pp [4].
The observed mass of X corresponds to a binding energy

BK ¼ 103) 3ðstatÞ ) 5ðsystÞ MeV for X ¼ K$pp. It is
larger than the original prediction [2,8,9]. It could be
accounted for if the $KN interaction is effectively enhanced
by 25%, thus suggesting additional effects to be investi-
gated [4,22]. On the other hand, the theoretical claims for
shallow $K binding [10–12] do not seem to be in agreement
with the observation. We emphasize that the deeply bound
and compact K$pp indicated from the present study is an
important gateway toward cold and dense kaonic nuclear
matter [15,23].
We are indebted to the stimulating discussion of

Professors Y. Akaishi and R. S. Hayano. This research
was partly supported by the DFG cluster of excellence
‘‘Origin and Structure of the Universe’’ of Technische
Universität München and by Grant-in-Aid for Scientific
Research of Monbu-Kagakusho of Japan. One of us (T. Y.)
acknowledges the support of the Alexander von Humboldt
Foundation, Germany.
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FIG. 4 (color online). (a) Observed DEV spectra of %MðKþÞ
of events with LAP emission [j cos"cmðpÞj< 0:6] and (b) with
SAP emission [j cos"cmðpÞj> 0:6]. Both selected with large-
angle Kþ emission [$ 0:2< cos"cmðKþÞ< 0:4].
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K-pp search experiments at J-PARC
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FIG. 1: The calculated inclusive spectra of the 3He(in-flight K−,n) reaction at pK− = 1.0 GeV/c

and θn = 0◦ as a function of the neutron momentum, using the YA optical potential with (V0,
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mentum of pn = 1224 MeV/c at the K− emitted threshold. The contributions of partial-wave

angular momentum states with L = 0, 1 and 2 are also drawn.
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3He(K-,n) reaction at 1 GeV/c: E15

d(π+,K+) reaction at 1.5 GeV/c: E27



K-K-pp

HASSANVAND, AKAISHI, AND YAMAZAKI PHYSICAL REVIEW C 84, 015207 (2011)

case of K−pp it is 1.9 fm. The K−K−pp system resembles the
K−pp, and so it can be approximated by !∗ − !∗ structure. A
schematic structure of K−pp and K−K−pp is shown in [16].

In view of a successful demonstration of the pp →
K−pp + K+ reaction for the case of K−pp [11], it should
be natural to extend this process to the case of K−K−pp. The
idea to make use of the following reaction processes has been
presented in [17]:

p + p → K+ + K+ + !∗ + !∗,

↪→ !∗!∗ → K−K−pp, (4)

with a subsequent decay,

K−K−pp → ! + !. (5)

The purpose of the present work is to formulate and
calculate the formation of K−K−pp produced in high-energy
p − p collisions, and finally to show and discuss the results.

II. K− K− pp PRODUCTION IN p − p COLLISION

Let us consider the K−K−pp production process, Eq. (4),
with two protons as a projectile and a target. We express all of
the kinematical variables in the center of mass (c.m.) of p + p.
The production of two !∗’s as doorway particles is shown in
Fig. 1(a). Since we know that K−pp is well approximated by
a !∗p doorway state, we use a !∗ − !∗ model to investigate
the K−K−pp formation. We assume that two K+K− pairs
are created at zero range from respective protons. This process
is realized only with a large momentum transfer between the
two protons, which occurs effectively by a short-range pp
interaction. When it is expressed by a Yukawa-type interaction,
exp(−r/β)/r , the effective interaction for the elementary
process is

〈%rK+K+ , %r(K+K+)(!∗!∗), %r!∗!∗ , %rK−p, %rK−p|t |%rpp〉

= t0

∫
d%r g(%r)[δ(%rK+K+ − %r)δ(%r(K+K+)(!∗!∗))

×δ(%r!∗!∗ − %r)δ(%rK−p)δ(%rK−p)δ(%rpp − %r)], (6)

g(%r) = β

r
exp

(
− r

β

)
; β = h̄

mBc
, (7)

where mB corresponds to the mass of the exchanged boson
and β is the collision range. The interaction matrix element
for !∗!∗ formation is written as

〈%k(K+K+)(!∗!∗), %kK+K+ , %r = %r!∗!∗ |t |%kpp〉

= (2π )
3
2 U0 g(r)〈%r|%kpp〉, (8)

where

U0 = 1

(2π )
3
2

t0 φ2
!∗ (0)φK+K+(0)φ(K+K+)(!∗!∗)(0). (9)

Here, φ(0)′s are the wave functions at zero distance. The
production cross section of K−K−pp (≈!∗!∗) for the X
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FIG. 1. (Color online) (a) Elementary process for p + p →
K+ + K+ + K−K−pp via the production of two !∗’s as doorways.
The intermediate boson with a mass mB is shown. (b) Kinematical
event pattern for the production of two K+’s and a composite !∗!∗.
(c) Diagram of initial momentum vectors of K+(1), !∗(1), K+(2), !∗(2),
and the relative momentum, k, of two !∗’s.

mass, M , is given by

d2σ

dM dθ12
=

(
2π

h̄c

)4

|U0|2
EpE

(1)
K+E

(2)
K+k

(1)
K+k

(2)
K+

kp

×
[

1 +
E

(2)
K+

EX

(

1 +
k

(1)
K+

k
(2)
K+

cos θ12

)]−1

× S(E),

(10)
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Summary

J-PARC will open a new era for Strangeness Nuclear 
Physics.

Day-1 Experiments; data-taking in progress

Ξ hypernuclear Spectroscopy

Search for Kaonic Nuclei

γ-ray spectroscopy, Neutron-rich hypernuclei

H search exp. (P42) is proposed.


